Recently, considerable scientific and therapeutic interest has focused on the structure and functions of the flavonoids. In a previous study, we suggested that hydroxyl (OH) substitutions on specific carbons in the skeleton of the flavonoids might significantly affect their apoptosis-modulating properties. Here, to investigate the effect of various OH substitutions on their diphenylpropane (C6C3C6) skeleton carbons, we selected 10 different flavonoids and assessed their role on UV-induced apoptosis of human keratinocytes, the principal cell type of epidermis. The results showed that 5,7,3,4-tetrahydroxylflavanone (eriodictyol) and 3,4-dihydroxy flavone (3,4-DHF) had a positive effect on cell proliferation of human HaCaT keratinocytes. Treatment with eriodictyol in particular resulted in significant suppression of cell death induced by ultraviolet (UV) light, a major skin-damaging agent. We found that eriodictyol treatment apparently reduced the percentage of apoptotic cells and the cleavage of poly(ADP-ribose) polymerase, concomitant with the repression of caspase-3 activation and reactive oxygen species (ROS) generation. The anti-apoptotic and anti-oxidant effects of eriodictyol were also confirmed in UV-induced cell death of normal human epidermal keratinocyte (NHEK) cells. Taken together, these findings suggest that eriodictyol can be used to protect keratinocytes from UV-induced damage, implying the presence of a complex structure-activity relationship (SAR) in the differential apoptosis-modulating activities of various flavonoids.
Ultraviolet (UV) radiation from sunlight is a major skindamaging agent and the exposure of mammalian cells to UV radiation results in DNA damage, such as the formation of cyclobutane pyrimidine dimers. UV-induced DNA damage leads to growth arrest, cell death, and mutation and is also the principal causative factor for malignant transformation. 1, 2) UV light is reported to affect skin by inducing immuno-suppression, cancer, premature skin aging, inflammation, and apoptosis. 3) When an area of skin is exposed to UV light, apoptosis can be induced in the region that suffers the greatest exposure and cells surrounding this area would also be partially damaged. Apoptosis in the UV-exposed skin is manifested in the form of sunburn cells. 4) Activation of caspase-3 was shown to induce apoptosis in UV-exposed keratinocytes 5) and caspase-8 and caspase-9 are also known to be activated following induction of Fas receptors on the membrane upon UV exposure. 6) Various phytochemicals from both nutritive and non-nutritive sources were reported to protect against UV-induced skin damage. 7, 8) Flavonoids, which are phytochemicals, comprise a broadly distributed class of plant pigments and have been used in the treatment of many important common diseases. 9) Fruits and vegetables, as well as popular beverages such as wine, tea, and coffee, are the main dietary sources of flavonoids. Flavonoids are a group of plant polyphenols and are known to have a diphenylpropane (C6C3C6) skeleton. 10) It has been reported that flavonoids show pharmacological effects such as anti-oxidant, 11) anti-viral, 12) anti-tumor and anti-inflammatory activities. 13) In particular, their antioxidant activity has attracted much attention as a possible dietary preventive against cardiovascular and neurodegenerative diseases. 14) Recently, extensive scientific and therapeutic interest has been focusing on the structure and functions of the flavonoids. 15, 16) In a previous study, we reported that 3,4Ј-dihydroxyflavone (3,4Ј-DHF) can suppress the etoposide-and kaempferol-induced apoptosis of keratinocytes, showing the structure-activity relationship (SAR) inherent to the flavonoids. 17) The differential modulation of apoptosis by various flavonoids was suggested to be dependent on the specific hydroxyl (OH) substitutions on their skeletal carbons. In the present study, to further analyze the SAR, we selected 10 different flavonoids which have various OH substitutions on their C6C3C6 skeleton. By employing human immortalized keratinocyte HaCaT and normal human epidermal keratinocyte (NHEK) cells, we have assessed the effects of the specifically chosen flavonoids on the UV-induced apoptosis of keratinocytes. In the present report, we describe the efficacy of eriodictyol in suppressing UV-induced reactive oxygen species (ROS) production and apoptotic cell death in keratinocytes. Further analysis of the SAR between various flavonoids will be very beneficial for their usage in chemoprevention or chemotherapy.
MATERIALS AND METHODS
Cell Culture and UV Treatment Spontaneously immortalized human keratinocyte HaCaT cells were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and 100 unit/ml of penicillin/streptomycin. NHEK cells obtained from individual adult donors were purchased from Cambrex and maintained according to the manufacturer's protocols. Briefly, NHEK cells were grown to 80% confluency and subcultured at 3500 cells/cm 2 using a KGM ® -2 Bullet Kit ® containing bovine pituitary extract, human epidermal growth factor, insulin, hydrocortisone, GA-1000 (gentamicin and amphotericin-B), epinephrine, and transferrin. Cells between passages 2 and 4 were used in this study. The procedures for UV irradiation were similar to those described previously. 18) For UV irradiation experiments, the cells were washed twice with phosphate-buffered saline (PBS) and exposed to UVC irradiation using a germicidal lamp (peak emission, 254 nm) GL15 (MITSUBISHI/OSRAM, Osaka, Japan). Doses of UVirradiation were calibrated with a UV radiometer (UVP). Chemicals and Antibodies 2Ј,7Ј-Dichlorofluorescin diacetate (DCFH-DA) was acquired from Molecular Probes and the electrophoresis reagents and protein assay kit were purchased from Bio-Rad. Antibodies against pro-caspase-3, actin, and PARP were obtained from Santa Cruz Biochemicals (Santa Cruz, CA, U.S.A.).
Determination of Cell Viability and Growth HaCaT or NHEK cells were plated at a density of 5ϫ10 4 cells in 96-well plates and cell viability was evaluated by conventional 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) reduction assay 17) or trypan blue exclusion assay. 19) Cells were cultured in the presence or absence of various concentrations of flavonoids for 48 h. For MTT assay, cells were treated with MTT solution (final concentration, 0.25 mg/ml) for 4 h at 37°C. Dark blue formazan crystals forming in the intact cells were dissolved with DMSO, and the absorbance was measured at 570 nm with an ELISA reader. The results were then expressed as percentages of MTT reduction, with the absorbance exhibited by the control cells being arbitrarily set as 100%. For the trypan blue dye exclusion assay, cells were harvested by trypsinization, washed with PBS, pelleted, and resuspended in PBS. The cell suspension (0.5 ml) was mixed with an equal volume of trypan blue solution (0.4%) and incubated for 3 min at room temperature. The number of unstained cells and the total number of cells were counted on a haemacytometer under a microscope. The percentage of viable cells was determined by dividing the number of unstained cells by the total number of cells and then multiplying by 100.
DNA Fragmentation Assay by 4-6-(Diamidino-2-phenylindole (DAPI) Staining We conducted DAPI staining for the identification of apoptotic nuclei of HaCaT or NHEK cells as described previously. 20) Cells were stained with 0.8 mg/ml of DAPI in the dark and morphological changes in the apoptotic cells were assessed visually under a Zeiss Axiovert 200 microscope, at the fluorescence DAPI region (excitation, 351 nm; emission, 380 nm).
Western Blot Analysis SDS-PAGE and Western blotting were conducted according to the protocol described previously. 17) Cells in 100 mm dishes were washed three times in ice-cold PBS, scraped from the dishes, and then collected in extraction buffer (1% Triton X-100, 100 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10% glycerol, 1 mM Sodium orthovanadate, 50 mM sodium fluoride, 1 mM p-nitrophenyl phosphate, 1 mM PMSF). After the cells had been incubated on ice for 30 min, the lysates were centrifuged, and the amount of proteins in the cleared lysates was quantified with Bradford Protein Assay Reagent (Pierce). An equal amount of proteins was then separated on 10-12% SDS PAGE gels, and then transferred onto nitrocellulose membranes (0.2 mm, Schleicher and Schuell). These membranes were blocked with 3-5% non-fat dry milk and 0.1% Tween 20 in Tris-buffered saline (TBS), and subsequently probed with primary antibody in TBS which contained 3% non-fat dry milk and 0.1% Tween 20. The antibody-antigen complexes were then detected using goat anti-mouse IgG or goat anti-rabbit IgG peroxidase conjugates, followed by the use of an enhanced chemiluminescence (ECL) detection kit (Amersham Bioscience).
Measurement of Intracellular ROS Levels Intracellular ROS levels were assessed using the oxidant-sensitive fluorescent probe DCFH-DA. Cells grown at 1ϫ10 6 cells per 35 mm culture dish were maintained for 24 h in growth medium and then exposed for 30 min to 5 mM DCFH-DA. DCF fluorescence (excitation, 488 nm; emission, 520 nm) was then imaged on an inverted fluorescence microscope. The production of intracellular peroxide was also measured using DCFH-DA coupled with spectrofluorometry. Fluorescence was quantified with a Shimadzu RF5301 PC spectrofluorophotometer, set at an excitation of 504 nm and an emission of 524 nm. 21) Cell Cycle Analysis Cells were trypsinized and collected by centrifugation at 1000ϫg for 10 min. Collected cells were washed with PBS and resuspended to 1ϫ10 6 cells/ml. For fixation, the cell suspension was kept overnight at 4°C, after the addition of 70% ethanol. The cells were then stained with propidium iodide solution (50 mg/ml propidium iodide, 0.1% Triton X-100, 0.1 mM EDTA, and 50 mg/ml RNase) for 20 min at 4°C. Stained DNA was analyzed using a flow cytometer (FACS Calibur; Beckton Dickinson). The cells were excited at 488 nm and their emissions were determined between 515 and 545 nm.
RESULTS

Effect of the Selected Flavonoids on Cell Proliferation of HaCaT Keratinocytes
In order to investigate the effects of various flavonoids on cell proliferation of keratinocytes, which are the major cell type in human skin, we conducted MTT and trypan blue exclusion assays after administering several flavonoids to HaCaT keratinocytes. The results of our previous study suggested the SAR between 3,4Ј-DHF and kaempferol in terms of the OH group of the 5 or 7-carbon of C6C3C6 skeletons may be important for their differential apoptosis-modulating function. 17) To investigate the effects of the various OH substitutions, we selected ten different flavonoids with differential OH substitutions in their C6C3C6 skeletons (Table 1) . Four flavonoids used in this study decreased the cell viability of HaCaT cells, while four flavonoids showed positive effects on cell proliferation (Fig.  1A , Table 1 ). 3,4Ј-DHF and eriodictyol in particular were found to induce significant increases in cell proliferation of HaCaT keratinocytes in a dose-dependent manner (Fig. 1B) .
Suppression of UV-Induced Apoptosis by Eriodictyol To investigate the effects of the selected flavonoids on cell death induced by UV irradiation, which is major skin-damaging agent, we first analyzed the effect of UV irradiation on the cell viability of HaCaT keratinocytes. As expected, UV irradiation induced the loss of cell viability in a dose-and time-dependent manner (Figs. 2A, B) . Moreover, the cleavage of PARP and the activation of caspase-3 were clearly detected after UV irradiation, indicating apoptotic cell death (Figs. 2C, D) . From these results, we determined the appropriate dose of UV irradiation for further experiment as being 70 J/m 2 , at which approximately 50% of the cells survive. As the cells were treated with the flavonoids immediately following the 70 J/m 2 of UV irradiation, the UV-induced cell death of HaCaT keratinocytes was significantly reduced by the treatment of 3,4Ј-DHF or eriodictyol (Figs. 3A, B) . Interestingly, compared with the case of 3,4Ј-DHF, eriodictyol treatment induced more efficient protection of the cells from the UV-induced cell death. From the analysis of the morphological changes of the nuclei and the activation of caspases, we are certain of the anti-apoptotic effect of eriodictyol (Fig.  4A) . Apoptosis was also suggested by the accumulation of the sub-G1 population, which includes cells undergoing apoptosis. The ratio of apoptotic cells increased markedly after UV irradiation (up to 30%), while the addition of eriodictyol significantly suppressed the UV-induced accumulation of the sub-G1 population (Fig. 4B) . Next, we examined PARP cleavage and caspase-3 activation in the UV-induced apoptosis of HaCaT cells by Western blotting. When HaCaT cells were irradiated with UV (70 J/m 2 ), the cleavages of procaspase-3 and PARP were clearly detected 8 h after irradiation (Fig. 4C) . In contrast, both procaspase-3 cleavage and PARP cleavage were significantly decreased after eriodictyol treatment.
Suppression of the UV-Induced ROS Generation by Eriodictyol
Several reports have suggested that UV radiation can induce change in the intracellular ROS level. 22) In order to further elucidate the molecular basis of the antiapoptotic effect of eriodictyol, we determined whether eriodictyol exerts an effect on ROS production. We measured intracellular ROS production using the oxidant-sensitive fluorescent dye DCFH-DA. Intracellular ROS generation was detected after UV irradiation and obviously repressed by the eriodictyol treatment (Fig. 5) . This result strongly indicates that eriodictyol protects keratinocytes from UV-induced 34 Vol. 30, No. 1 apoptosis via the suppression of intracellular ROS generation.
Confirmation of the Anti-apoptotic and Anti-oxidant Effects of Eriodictyol in Normal Human Epidermal Keratinocytes As an extension of the studies performed with
HaCaT keratinocytes, which are spontaneously immortalized human keratinocytes harboring specific p53 mutations, we investigated whether eriodictyol suppresses apoptosis of UVirradiated NHEKs prepared by Cambrex from individual adult donors. Only NHEK cells between passages 2 and 4 were used in our experiment. Upon UV irradiation, NHEK cells showed a reduction in cell viability (Fig. 6A) and an increase in apoptotic cell death (Fig. 6B) . Addition of eriodictyol, however, resulted in suppression of the UV-induced cell death of NHEK cells (Figs. 6A, B) . Moreover, treatment with eriodictyol appeared to reduce poly(ADP-ribose)polymerase (PARP) cleavage and caspase-3 activation in UV-irradiated NHEK cells (Fig. 6C) . Notably, eriodictyol clearly antagonized the UV-induced ROS production in the NHEK cells (Fig. 6D) , suggesting that eriodictyol can be used to protect normal keratinocytes from UV-induced damage.
DISCUSSION
The body's initial line of defense is the skin and the keratinocyte is the major cell type of the human skin, making up 
. Effect of Eriodictyol on the Cell Viability of UV-Irradiated HaCaT Keratinocytes
HaCaT cells were treated with UV and cell viability was analyzed by MTT assay. Cells were exposed to the indicated dose of UV and incubated for 24 h with eriodictyol or 3,4Ј-DHF (A). Cells were treated with UVC (70 J/mabout 90% of the epidermis. Due to the depletion of stratospheric ozone, UV radiation is believed to be a serious skindamaging agent. Here, to investigate the protective effects of flavonoids on UV-induced apoptosis of keratinocytes, human keratinocyte HaCaT cells which are spontaneously immortalized human epithelial keratinocytes, 23) were treated with various flavonoids and we confirmed their anti-apoptotic effects in NHEKs prepared from individual adult donors.
We observed that structurally related flavonoids efficiently regulate UV-induced apoptosis in keratinocytes. Recently, specific flavonoids have showed a variety of beneficial biological activities such as anti-hypertension, anti-viral, and anti-inflammation properties, and a few flavonoids were reported to have anti-apoptotic or anti-oxidant activity. 24) Several studies reported that various flavonoids modulate apoptosis of specific cells differentially and the differential effects seem to be at least partly due to their structure. Our previous study also showed that 3,4Ј-DHF suppressed etoposide-or kaempferol-induced apoptosis of HaCaT cells, suggesting a SAR between 3,4Ј-DHF and kaempferol. 24) We proposed that the number and position of hydroxyl (OH) substitutions are critical factors in the ROS scavenging activity of flavonoids. Especially, we surmised that the OH group of the 5 or 7-carbon of C6C3C6 skeletons may be important for their differential apoptosis-modulating function. 17, 25) Other studies have suggested that flavonoids with more OH groups exhibit more potent anti-oxidant activity and better anti-inflammatory effects. 26, 27) Here, to investigate the effects of various OH substitutions, we used 10 different flavonoids having different OH substitutions, ie, possessing or lacking 5,7-OH groups, in C6C3C6 skeletons (Table 1) . Interestingly, both 3,4Ј-DHF and eriodictyol, which have 3,4Ј-OH and 5,7,3Ј,4Ј-OH groups, respectively, showed strong anti-apoptotic and antioxidant functions in keratinocytes, although the efficacy was found to be different depending on the type of stress, such as UV, etoposide, or hydrogen peroxide. In this study, although 3,4Ј-DHF treatment also repressed UV-induced apoptosis, eriodictyol had a stronger anti-apoptotic action on the UVcaused apoptosis of HaCaT and NHEK cells, concomitant with the suppression of intracellular ROS generation. Eriodictyol was characterized to have no double bond at C2-C3 and no hydroxyl group at C3, and expected to have a decreased ability to establish hydrogen bonds. 26) Although identification of the exact OH groups evoking the apoptosismodulating effect was still impossible, further analysis of the SAR between various flavonoids will be very beneficial with 36 Vol. 30, No. 1 respect to their use in chemoprevention or chemotherapy.
Although previous studies reported that eriodictyol could protect L-929 cells from TNF-induced cell death, 28, 29) we originally found in this study that eriodictyol could suppress the apoptosis in the UV-irradiated keratinocytes through reducing the generation of ROS. The generation of ROS perturbs the redox balance and results in oxidative stress. 30 ) From the present results and those of previous reports, ROS is thought to take part in UV-induced signal transduction pathways that modify cellular responses to UV radiation. [31] [32] [33] Oxidative stress induced by ROS plays particularly important roles in the etiology of several diseases, including neurodegenerative diseases such as Alzheimer's disease 34) and Parkinson's disease, 35) that are intimately associated with apoptosis. If oxidative stress is suppressed by components in daily foods, such as flavonoids, this may act as a preventive against apoptotic damage. It is of great interest, therefore, to see whether or not flavonoids can protect skin cells against UV-or ROS-induced damage. Up to now, the mechanisms for the ROS production after UV irradiation and for the antioxidant effect of eriodictyol remain unclear. Previous reports showed the involvement of caspase-1 and caspase-3 in UVinduced apoptosis in A431 cells. 36) In addition, the activation of initiator caspase-9 was also observed in UV-irradiated HaCaT cells. 37) Our results showed that when HaCaT and NHEK cells were irradiated with UV, the cleavage of procaspase-3 and PARP was clearly detected 8 h after irradiation. These time courses of caspase-3 activation after UV irradiation show good correlations with the time courses of the appearance of apoptotic cells. In contrast, the addition of eridictyol appeared to decrease the UV-induced PARP and procaspase-3 cleavages. These results suggest that the caspase-3 activation pathway contributes significantly to the UV-induced apoptosis of HaCaT and NHEK cells.
Notably, eriodictyol clearly repressed UV-induced ROS production in NHEK cells, which are normal human skin cells (Fig. 6D) . From this result, we believe that eriodictyol can be successfully used to protect normal keratinocytes from UV-induced damage. A previous study showed that eriodictyol is the most efficient flavonoid in inhibiting the oxidative stress induced by ascorbate/Fe 2ϩ . 26) Development of new anti-oxidant strategies by supplementing the natural defense mechanism may be an important method for inhibiting UV-induced skin damage. Because early activation of signaling pathways in response to UV irradiation may be involved in the inflammatory reactions, photoaging, photodermatoses, and carcinogenesis, the use of flavonoids as an antioxidant may prove beneficial for protecting against these cutaneous disorders in the human population. Thus, eriodictyol can be added as a pharmacologic agent in skin care products, such as moisturizing creams, lotions, facial and depilatory creams, and sunscreens for the prevention and treatment of a variety of solar UV light-induced normal human skin disorders. However, more clinical studies in human individuals are warranted to provide detailed information on the long-term use and effects of eriodictyol on human skin. We have described the anti-apoptotic and anti-oxidant effects of eriodictyol in keratinocytes, which could be of great significance in protecting normal human skin against UV-induced cell damage.
